Introduced in the early 1990s, the ecological footprint has become a well-known and widespread environmental accounting tool. It measures human demand on nature and compares this to the availability of regenerative capacity on the planet. The method expresses human demand in terms of global hectares -i.e. biologically productive hectares with world-average productivity necessary for resource production and waste assimilation. Almost 15 years of research application and methodological advancements have made the ecological footprint an increasingly robust theoretical framework, and it continues to be refi ned. This article documents the most updated footprint methodology and focuses on the mathematics that supports footprint and biocapacity accounts, as well as its underlying factors such as equivalence and yield factors. To clarify the meaning and the usefulness of footprint and biocapacity reported in terms of global hectares, an in-depth description of the units of measure is presented. Finally, the different research questions that emerge when reporting data in nation-specifi c hectares as opposed to global hectares are investigated.
INTRODUCTION
Ecological footprint analysis was fi rst introduced in the early 1990s by Mathis Wackernagel and William Rees [1, 2] as an environmental accounting tool to account for demand on (ecological footprint) and supply of (biocapacity) renewable natural capital. It provides an answer to the research question: how much of the regenerative capacity of the planet is occupied by human activities?
The demand side of this accounting framework is defi ned as human use of the annual regenerative capacity of the biosphere. This is expressed in mutually exclusive hectares of biologically productive land or sea area that are required to renew the resource throughput and absorb the waste production of a defi ned population in a given year. Prevailing technology, resource management, different consumption categories and land use areas are all taken into account while conducting the calculations [3] [4] [5] [6] [7] .
While the footprint shows the demand on nature, the biocapacity tracks the supply side of the equation, and is therefore defi ned as the rate of resource supply and waste disposal that can be sustained in a given territory (or at the global scale) under prevailing technology and management schemes [8, 9] .
Both footprint and biocapacity are usually expressed in terms of a common unit, the global hectare (gha), which is one hectare of land or water normalized to have the world-average productivity of all biologically productive land and water in a given year [10] .
Since the surface of the Earth is fi nite, the availability of biologically productive area and the annual amount of resource production and waste disposal are fi nite as well. Therefore, the use of an area as a measure of life supporting natural capital was chosen to refl ect the fact that many basic ecosystem services and ecological resources are provided by surfaces where photosynthesis takes place [11] . This shows how humanity is constrained by nature's negentropic capacity to transform low-quality solar energy into high-quality chemical energy and living matter, available for all living species [12] [13] [14] . (H.T. Odum's hierarchical scale for energy quality ranking is used here.)
To provide a quantitative and qualitative answer to this research question, the ecological footprint accounting method is based on the following main assumptions [11] :
The annual amount of resources consumed and wastes generated by countries and their populations • can be tracked. The quantity of biological resources appropriated for human use is directly related to the amount • of bioproductive land area necessary for regeneration and assimilation of waste. By weighting each area in proportion to its usable biomass productivity through the use of • equivalence and yield factors, the different areas can be expressed in terms of global hectares and added together in a single value. Aggregate demand side and nature's supply can be directly compared to each other. • Both footprint and biocapacity accounts include six major types of bioproductive areas used to support human economies [15] that, according to the World Conservation Union classifi cation [16] , are cropland, grazing land, forests, fi sheries, energy land and built-up land. Each land type is characterized by a specifi c annual production of usable biomass that can be renewably harvested and is useful to people.
METHOD OF CALCULATION
Global Footprint Network, representing a focused group of scientists, academics, governments, businesses and NGOs that utilize the ecological footprint methodology as a resource accounting tool, recommends that global hectares are used for footprint and biocapacity assessments unless a compelling reason dictates otherwise. Nevertheless, area demand and supply can be reported in three different ways: global hectares (gha), world-average hectares (wha), or nation-specifi c actual hectares (nha). A brief clarifi cation is provided here to distinguish among these three units of measure:
Global

•
hectares are needed to measure bioproductivity rather than surface area. Each global hectare represents the same fraction of the Earth's total bioproductivity, and is defi ned as a hectare with world-average productivity for all land types. The ecological production of global hectares is calculated by dividing the total ecological production of the Earth by the total biologically productive area available (~11.2 billion hectares). This gives an average productivity per hectare, which is set equal to one global hectare. Each global hectare can therefore be considered as an average hectare of all land types combined.
Global hectares provide a useful representation of the ecological demand associated with the fl ow of a product, as they measure how much of global ecological productivity is required to produce a given fl ow. They provide more information than simply weight (which does not capture the extent of land and sea area used) or physical area (which does not capture how much ecological production is associated with that land). Global hectares are particularly useful for ranking different products based on their total ecological demands and comparing ecological demands associated with products that come from different types of land, such as wheat and wood. World-average • hectares are areas of a specifi c land type with world-average productivity for that land type (e.g. one hectare of forest land with the ecological production of the average forest hectare globally). World-average hectares enable us to visualize the physical extent of demanding a given product if the product were produced on land or water with the worldaverage productivity. World-average hectares are not able to easily compare different land types (it is diffi cult to compare a world hectare of forest land directly to a world hectare of crop land).
Land of the same type within different countries can also be more easily compared (e.g. demand for timber from Brazil can be compared to demand for timber from Finland using world hectares of forest land). Nation-specifi c • actual hectares are physical areas of a specifi c land type located within a specifi c country and characterized by the bioproductivity of that country. Actual hectares are useful for the visualization of the physical extent occupied by a given activity, but do not communicate information regarding ecological demand. The amount of biological material produced on an actual hectare can vary extremely, depending on its land type and where it is located. For example, a study fi nding that Italian imports occupy one hectare of Chinese grassland and one hectare of Brazilian forest does not imply that Italy places the same demand on ecosystems in China and Brazil. As Brazilian forests are more productive, occupying one hectare corresponds to a greater demand on the biosphere per hectare. This is equivalent to noting that one actual hectare of Brazilian forest represents more global hectares than one actual hectare of Chinese grassland.
Note that all three measures are technically areas expressed in hectares. The prefi x 'g', 'w' or 'n' is indicative of a weighted unit, but is not itself a unit. They do not refer to the quantity but to the quality or productivity of the hectare. In fact, ratios between any of these three measures are dimensionless scaling factors. These prefi xes can be used as a convenient shorthand, to distinguish among these three different types of productivity-weighted areas.
The use of yield and equivalence factors allows to readily convert each of these three measures into the others, without any loss of information, as shown in the following equations.
Usually, National Footprint Accounts are reported in a shortened way as the sum of the ratios between local product consumption (or waste generation) and world-average product yield (or absorption factor), for each product (or waste) i, multiplied by the appropriate equivalence factors. This equation translates a specifi c area type into average bioproductive area expressed in global hectares (gha). For any given nation n, the total national footprint is therefore assessed as shown in eqn (1):
where T i is the annual amount of tonnes for the production of each product i, given by all the annual tonnes of product i produced globally, divided by all areas in the world on which this product is grown; EQF i is the equivalence factor for the production of each product i.
The equivalence factors are evaluated each year for each land category as reported by Wackernagel et al. [11] . Each product is currently assigned the equivalence factor for the land type from which it is extracted. They are calculated as the ratio between the maximum potential ecological productivity of world-average land of a specifi c land type (such as cropland) and the average productivity of all biologically-productive lands on Earth. By showing the productivity difference among land-use categories at the global level, they can be considered land-specifi c. For example, in 2003, world-average cropland was estimated to be 2.2 times more productive than a world-average hectare of all biologically productive land and sea area on Earth. Thus, one hectare of world-average cropland (wha) was equivalent to 2.2 global hectares (gha), and its equivalence factor was 2.2 gha wha -1 . Since both gha and wha are areas expressed in hectares, they cancel each other, and the equivalence factor is technically dimensionless. Therefore, 'g' and 'w' prefi xes are only used to identify different productivity-weighted areas. The commonly used shortened eqn (1) hides a fundamental step that can be shown when the equation is expressed in its entirety, as reported in eqn (2):
where n i Y is the annual nation yield 1 1
(t ha year ) n i − − for the production of each product i given by all annual tonnes of product i produced, divided by all areas in the nation on which this product is grown; n i YF is the nation-specifi c yield factor for the production of product i. Yield factors are evaluated annually as the ratio between the yield for the production of each product i, in the considered nation, and the yield for the production of that same product in the world as a whole, with the world yield factor equal to 1 (by defi nition). These factors capture the difference between local and global (world-average) productivity within a given land-use category, and are therefore used to convert nation-specifi c (nha) into world-average (wha) bioproductive land requirements. For example, suppose an average Italian hectare of cropland annually produces 6 tonnes of wheat, . As a consequence, the yield factor for wheat production is equal to 3. This means that demanding 1 hectare of Italian cropland (nha) is equal to using 3 world-average hectares of cropland (wha).
Since eqns (1) and (2) are mathematically identical, world-average yields are currently used in National Footprint Accounts instead of national yield and yield factors.
Moreover, by showing the footprint equation as in eqn (2), a more direct linkage with biocapacity accounts is provided. For any given nation, the biocapacity (BC) is assessed by multiplying the land area available annually for production of each product i, by the appropriate yield and equivalence factors as shown in eqn (3).
where n i A represents the estimated bioproductive area expressed in nation-specifi c hectares that is available for the production of each product i at the national level. Note that this area is equal to the ratio between the annual amount of tonnes locally produced and the nation average yield of the land producing each product i. We refer to this as the production-based specifi cation of the biocapacity equation [17] .
As for the footprint assessments, yield and equivalence factors are used to convert available nation-specifi c actual hectares into global hectares.
Both footprint and biocapacity accounting structures, as shown in eqns (2) and (3), have been reported in their entirety to clarify the conversion from nation-specifi c and area-type specifi c actual hectares to global hectares. Other than providing information on the appropriate use of units and scaling factors, the comparison between the two equations shows the theoretical consistency between footprint and biocapacity formulation. In both the equations, nation-specifi c yield factors and landspecifi c equivalence factors are used to convert nation-specifi c and area-type specifi c actual hectares fi gures into global hectares. In the footprint equation, nation-specifi c and area-type specifi c actual hectare values represent the bioproductive land area demanded, and are given by the ratio between the annual national consumption of each product i and the national yield for each appropriate product. In the biocapacity equation, nation-specifi c and area-type specifi c actual hectare values are represented by the bioproductive land that is available annually at the national level.
Some analysts have argued that footprint values should be calculated in global hectares using national instead of world-average product yield to take into account local resource management, as assumed in eqn (4):
Nevertheless, this calculation is not feasible since, as explained above, the local-related required area obtained (expressed in nha) cannot be multiplied by the appropriate equivalence factors, unless yield factors are also considered. Furthermore, as previously shown in eqn (2), it should be noted that the use of national yields and nation-specifi c yield factors for each product i corresponds to the use of world-average yield for the same i-products.
Nation-specifi c yield factors are indeed the fundamental step necessary for conversion of the bioproductive land requirements from nation-specifi c and area-type specifi c hectares (nha) to worldaverage area-type specifi c hectares (wha). This intermediate step fi nally allows converting world-average area-type specifi c actual (wha) to global hectares (gha) by the use of the equivalence factors, as described in eqn (2). These two steps are necessary because of the way current equivalence factors are calculated [11] . A new method could theoretically be developed to compare, in one single step, nation-specifi c hectares of a given land type directly to world-average hectares of all land types, therefore allowing the calculation reported in eqn (4).
DISCUSSIONS
The most commonly reported footprint accounting equation (eqn (1)) has led to a lack of clarity in recent years. By accounting for land area requirements using world-average yield, the footprint has been criticized for its supposed inability to deal with local resource management [18] . Even with the understanding that the use of global hectares allows for the addition of footprint values of different land categories into a single number and for international comparisons of footprint results of nations [19] , it was claimed that this led to a loss of specifi c local information on the use and management of local natural resources. Hence, many researchers came to the conclusion that the use of a global comparable unit of measure reduces the potential to use footprint for assessing local policies and management criteria [20] [21] [22] [23] .
It should be noted, in response, that local yields are in fact taken into account since they infl uence biocapacity evaluations through their effect on the yield factor. Potential increases in productivity due to technological or resources management changes are therefore shown as biocapacity increase instead of footprint decrease.
The national footprint values reported in global hectares answers the question, 'how much of the planet's regenerative capacity is occupied by a given human activity?'.
At the same time, footprint accounts can also be calculated in nation-specifi c hectares and without applying productivity-based normalization. Footprints expressed in this way answer the question, 'how much physical area is occupied by a given human activity?'.
For projects focused on local resource management, the integrated use of nation-specifi c and global hectares may be more appropriate than just global hectares [24] , while consumption-focused applications that have a more global context may benefi t from the use of global hectares [25] . While some researchers maintain that only nation-specifi c hectares provide an actual observable measure of . demand, others maintain that from a sustainable use perspective, different lands cannot be directly compared or summed without applying some form of weighted productivity [26, 27] .
An example of the difference between nation-specifi c actual hectares and global hectares is as follows. An Australian whose animals graze on 10 ha of low-productivity grassland will have a footprint far greater than an Italian who consumes the products of 5 ha of very productive cropland when measured in nation-specifi c actual hectares. Measured in global hectares, the Italian will have the higher footprint. The most accurate result depends upon the research questions presented above.
CONCLUSIONS
The footprint equation is usually shown as shortened for sake of effi ciency and consistency with the National Footprint Accounts. This unfortunately has led to misleading interpretations of the method, somehow neglecting the role of the yield factors, as well as apparently reducing the consistency between footprint and biocapacity mathematic formulation.
By showing the footprint equation in an expanded form, this article has provided a complete representation of the method reconciling the demand side and the supply side of the accounting structure. Both footprint and biocapacity values are accounted by multiplying nation-specifi c and area-type specifi c actual land fi gures, that represent local area requirement and availability, respectively by two 'scaling factors,' that is yield and equivalence factors. While yield factor allows a conversion of the actual area requirement from the national to the global level, the equivalence factors are used to express results in terms of global hectares.
Global hectares are recommended by Global Footprint Network as a common unit of measure for both footprint and biocapacity assessments under the assumption that: (1) different lands cannot be directly compared or summed without applying some form of productivity weighting, (2) global hectares are needed to express footprint and biocapacity results in a cross-country comparable unit of measure. Therefore, global hectares have the advantage of expressing both demand and supply of different land areas in single numbers (footprint and biocapacity, respectively) that can be compared to each other.
Nevertheless, reporting footprint and biocapacity results in global hectares alone may not be suffi cient for analyzing the use and management of local natural resources. On one hand, footprint accounts aimed at a global consistency and cross-country comparability can be reported in global hectares. On the other hand, applications aimed at a deep analysis of local environmental burdens and resource management, as well as local production systems, should follow an integrated approach. It may be valuable to report use of nation-specifi c actual hectares beyond the global hectares results. As stated in Section 2, the equations presented demonstrate the complete interchangeability of the two types of results obtained when yield and equivalence factors are used together. Finally, the equations are evidence that local information is embedded in the global hectare, and one can be translated into the other. By considering nation-specifi c actual hectares fi gures, as well as yield and equivalence factors, footprint and biocapacity accounts capture not only the extension of the locally required or available land areas, but also their biological productivity.
